





Al March 17, 1972

ADDENDUM TO ORNL-4765 —- AN EVALUATION OF NEUTRON AND
GAMMA-RAY-PRODUCTION CROSS SECTIONS FOR TL.EAD

This addendum describes improvements made to the evaluation documented
in the main body of this report.

One of the known deficiencies of the evaluation was the capture cross-
section file above thermal. At the time the evaluation was done, we knew
that some high-resolution measurements of the capture cross sections for

. . 1
the lead isotopes were in progress at ORELA by Allen et al. Now that the

data have become available, we have gone back and performed a reevaluation

of the capture cross-section file. With the new data we have been able
to improve also the representation of the resonances in the total and

elastic-scattering cross—section files.

It did not appear necessary to us to represent explicitly in the file
all of the capture resonances reported by Allen et al. (numbering more
than 500). Table 1 lists only the capture resonances which could be corre-
lated with observed resonances in the total cross sections and the other
capture resonances having areas greater than 5 barn-eV in natural lead. All
areas in Table 1 are given in terms of natural lead using isotopic abundances
of 0.0124, 0.236, 0.226 and 0.523 for the isotopes 204, 206, 207, and 208
respectively. Our aim was to represent these resonances in both the total
and capture cross—section files in such a manner that upon subtraction of
these files the resonances would have a reasonable representation in the
elastic cross—-section file. The remainder of the small capture resonances,
together with the 1/v component, were averaged to form a smooth cross section
to which the large capture resonances could be added. Total widths and res-

onance areas in the total cross sections were calculated from resonance param-

eters compiled in BNL-325 (Ref. 2) and are compared in Table 1 with those




TABLE 1. CORRELATION OF CAPTURE AND TOTAL RESONANCES. ALL AREAS ARE GIVEN IN TERMS
OF NATURAL LEAD. E IS IN kev, I IN eV, AND A IN BARN-eV
Allen Good BNL-~325 Adopted
Isotope E T AY T AT E r AT E T AT FY
204 1.690 5 79 1.68 <5.9 135+13 1.685 5 135
204 2.596 <5.4 0.59 2.485 8 100 2.48 <7.8 138+13 2.485 5 138 0.02
207 3,071 <7 21 3.070 2 25 3.06 45410 3.070 2 45 0.93
206 3.365 <6.6 16 3.364 5 74 3.35 140+30 3.360 5 140 0.57
204 8.348 56 10.3 8.374 67 320 8.34 <60 350460 8.350 56 350 1.5
204 9.635 <19 4.2 9. 680 30 61 9.63 <25 91430 9.635 19 91 0.87
207 10.21 <24 13 10.21 21 61 10.21 21 91
207 12.40 17 0.34 12.39 24 82 2.1 <25 12.39 17 123
204 2.88 91 2.7 12.92 77 240 12.9 <55 206420 12.90 55 220 0.67
206 14.25 <29 5.2 14.24 24 68 14.24 24 102
207 16.21 <38 17 16.20 44 65 16.20 38 97
206 16.47 <34 39 16.47 16.4 <20 230+150 16.47 20 230
207 16.80 60 3.2 16.80 61 730 16.740.3 <91 1260+200 16.80 60 1260 0.15
206 19.80 <41 5.9 19.79 49 98 19.79 41 147
206 19.86 <42 6.1 19.86 1
206 21.94 <45 9.4 21.93 33 32 21.93 33 48
206 25.17 <53 15 25.17 d
206 25.49 102 13 25.47 100 1060 25.340.4 <59 23004230 25.47 59 2300
207 29.46 <72 6.6 29.44 82 320 28.5+0.5 <65 250041600 29.44 65 1000
207 30.54 <75 8.7 30.43 30 60 30,48 30 90
206 37.57 <80 8.6 36.27 120 400 <35 <58 36.90 58 600
207 37.82 98 18 37.78 160 650 37.040.5 <70 37.80 70 975
207 41,32 1268 85 41.64 1770 16000 42.840.7 1250 2060042500 41.60 1250 20600 5.0
206 42.20 <90 17 42,20
206 47.70 <103 2 47.61 220 1200 ~46 <73 47.60 73 1800
206 59.39 <130 11 59.39 130 (11)
206 64.16 <140 7.5 64.16 140 (7.5)
206 66.19 116 19 66.22 200 600 66.0+2.0 250 3604220 66.20 116 480
206 70.50 <155 1.3 71.31 360 2800 71.00 155 4200
208 77.70 2252 34 78.22 1370 26400 80.0+0.5 1000 2700042700 78.00 1000 27000 1.26
206 80.63 <180 26 80.63 T
206 83.90 134 8.9 86.71 620 1750 85.0+2.0 420 24004550 85.00 134 2400
206 88.77 <200 11 88.77 200 (11)
207 90.40 674 20 90.29 850 3700 90.35 674 3700
206 92.04 151 5 151 (5)
206 92.90 149 14 149 s
206 114.9 264 24 115.5 800 1500 115.2 264 1500
206 118.4 <270 7 117.4 840 5600 117.9 270 5800
206 125.1 250 29 124.8 620 2400 125.0 250 2400
206 125.7 166 57 128.0 500 1600 126+1 35004340 127.0 166 3500
+ « ] o '



Table 1 cont.

Allen Good BNL-325 Adopted
m = = = =
Isotope E ! AY ! A,]A E I AT E I AT
206 141.1 409 23 140,72 530 910 140.6 409 910
206 146.8 400 38 400 (38)
206 151.7 370 7.3 150.2 1400 6800 15141 5800+900 151.0 370 6300
206 170.0 <300 6.4 169.0 1700 2100 169.5 300 2100
207 181.9 306 64 180.5 1000 1400 181.0 306 1400
206 199.2 383 26 198.5 1200 1300 197+1 1260+390 198.,5 383 1300
T(~l«) indicates that A_ is probably included in the one given above (below). In such cases only one resonance is given in the cross

section file and the Capture areas are combined.
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obtained from Good's data.3 The adopted resonance energy, E, total width,

', and resonance areas, AT’ are averages of the two sets with some exceptions.
Below about 50 keV, the resonance areas in Good's data are generally 50%
smaller than those reported in BNL-325. Because Good's measurements have not
vet been documented, we adopted the BNL-325 values whenever available and in-
creased by 507 the areas of the other resonances in Good's data. Most of the
total widths in Allen et al.'s data are given as upper limits. Because the
capture measurements had the better energy resolution, we felt that these
upper limits should not be exceeded. Thus when the parameters from BNL-325
and the widths from Good's data gave values of the resonance widths larger
than the upper estimates obtained in the capture cross-section measurement,
we adopted the later values as the resonance widths. For the capture res-
onances which had areas greater than 5 barn-eV but could not be correlated
with total cross section resonances, the total resonance area AT was set equal
to the capture resonance area AY. For some of the resonances for which AL
and [' appeared reasonably certain, we could extract FY and these are given in

the last column of Table 1. The resonance at 1.685 keV, which is below the

lower limit of the capture measurement, is the lowest energy resonance observed
T

so far in the lead isotopes. Since it has the same J and approximately the

same [' and AT as the resonance at 2,485 keV, we adopted the same AY for the

file.

The average capture cross sections for the lead isotopes, natural lead
and the smooth capture cross sections upon which the resonances were built are
204

listed in Table 2. Except for Pb above 50 keV, the average capture cross

sections for the isotopes are simply a sum of the resonance cross sections in
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TABLE 2. AVERAGE CAPTURE CROSS SECTION IN MILLIBARN FOR THE LEAD
ISOTOPES AND NATURAL LEAD. THE RIGHTMOST COLUMN GIVES THE
SMOOTH CAPTURE CROSS SECTION UPON WHICH THE RESONANCES
GIVEN IN TABLE 1 WERE BUILT.

En(keV) 204 206 207 208 Pb S
2-3 65 0.81 0.78
3-4 111 78.5 91.0 41.5 5.0
4-5 81 1.0 1.4
5-6 61 0.76 1.13
6~7 98 1,22 1.57
7-8 13 0.16 0.48
8-9 829 10.3 0.30
9-10 370 4.6 0.70

10-20 70 28.5 13.7 0.29 10.8 1.83
20-30 76 16.0 2.9 5.37 1.14
30-40 59 8.7 12.6 0.10 5.68 2.30
40-50 68 10.5 38.6 0.90 12.5 2.20
50~-60 62 5.3 2.02 1.02
60-70 75 13.3 3.4 1.3 5.52 2.97
70-80 50 0.6 6.6 4.21 0.81
80-90 77 21.6 1.5 6.39 1.89
90-100 78 9.6 10.6 5.63 1.83

100-150 73 15.3 4.5 0.24 5.66 2.10

150-200 73 6.3 6.7 0.32 4,07 4,12

200-300 73 4,2 5.3 0.11 3.15 3.6

300-400 69 2.7 1.9 0.11 1.98 3.8

400-500 69 6.7 0.9 2.64 4.2

500-600 69 2.5 (1.6) 0.09 >1.49 4.6

600-700 78 2.7 (10.7) >1.60 4.3

700-800 91 1.8 (12.9) 2.60 >2.95 3.8

800-900 132 (70.8) 1.04 >2.18 3.5

900-1000 3.3
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. ) 204 .
the given energy interval divided by the energy interval. For Pb, above

50 keV, many smaller resonances were not picked up in the analysis; the average
cross sections were obtained by summing the experimental data and subtracting

1 .
from them a smooth time-dependent background. The capture cross—section

measurements for 207Pb were seriously contaminated by inelastic scattering
above 500 keV, so these data, given in parenthesis in the table, were not
included in the average cross sections of natural lead. The last column of
Table 2 lists the smooth cross sections upon which the resonances given in
Table 1 were built. The smooth cross sections below 150 keV were obtained
by subtracting the resonances of Table 1 from the average cross sections and
adding a 1/v component based on a previously evaluated cross section of 0.176
barn at 0.0253 eV, Plotsl of the cumulative sums of the number of resonances
versus energy indicated that some of the small resonances, above 100 keV for
206Pb and 200 keV for 207Pb, were not picked up in the analysis. Thus, the
average cross section for natural lead above 100 keV is a lower limit which
gets worse as the energy increases. Diven EE.él-4 have measured capture
cross sections for natural lead at seven energies from 175 keV to 1 MeV.
Their neutron energy spreads were large enough to justify using their data
as the average cross section. The smooth cross sections above 150 keV were
then based on the data of Diven et al. Above 1 MeV and below 1 keV the
capture cross sections are the same as previously evaluated. Approximately
three quarters of the capture cross sections from 1 keV to 200 keV are
explicitly given as resonances.

With the exception of the broad 41.60 keV resonance, each resonance was

represented in the file by a triangular shape whose area is the resonance area

and whose width at the base is equal to 2T. TIf the width were exact, then
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s

the peak cross section in the file would be >

too large. However, since
for most resonances we only had an upper limit for the widths, we felt

that the above representation was justified. This representation does not
reproduce the potential interference in the total cross sections. This
drawback should be tolerable considering the large uncertainties in both
the widths and the areas of most resonances. Therefore the triangular
representation of the resonances appears to be a simple yet realistic one
in the present situation.

Total cross sections, except for the new resonance areas listed in
Table 1, remain the same as previously evaluated. Elastic-scattering and
nonelastic-scattering cross sections were modified accordingly.

The lead evaluation was represented in the ENDF/B-III format. The
initial evaluation which was assigned DNA material number 4136 has been
adopted by CSEWG, with minor modifications, for the ENDF/B-III set
under material 1136. The revisions to the capture cross section file
described here have been incorporated in a new tape, submitted to RSIC
for inclusion in the DNA evaluated library set and is referred to as

Material 4136 Modification 2.
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AN EVALUATION OF NEUTRON AND GAMMA-RAY-PRODUCTION
CROSS SECTIONS FOR LEAD

C. Y. Fu* and F. G. Perey

ABSTRACT

A survey was made of the available information on neutron
and gamma-ray-production cross section measurements of lead.
Evaluated nuclear data sets in the ENDF/B format were prepared
for lead covering the energy range from 0.00001 eV to 20.0 MeV.
The cross section sets were based on experimental results avail-

able to June 1971 and on nuclear model calculations. This
evaluation received MAT. No. 4136 in the DNA Library and 1136
for CSEWG.

1. TINTRODUCTION

An investigation has been made of the neutron interaction mechanisms
with lead. Particular emphasis was given to understanding the neutron and
gamma-ray-production cross sections for this element. Being magic nuclei,
the lead isotopes have been studied considerably concerning their nuclear
properties such as level spins and parities and gamma-ray branching ratios.
These properties aid in the understanding of the neutron and gamma-ray-
production cross sections.

An extensive literature survey has been made to obtain information on
the neutron and gamma-ray-production cross sections for lead. The survey is
believed to be reasonably complete for information available to June 1971,

Complete sets of neutron and gamma-ray-production cross sections have

been prepared in the ENDF/B format.'’?

These data sets also include descrip-
tions of the energy and angular distributions of the secondary neutrons and

gamma rays. These cross section sets contain data for incident neutrons in

*
University of Tennessee, Knoxville, Tennessee



the range between 0.00001 Ev and 20.0 MeV. TFor a small part the evaluated
cross sections were obtained from measured data. In most cases the experi-
mental information was not sufficient to define the cross sections in the
entire energy region; the cross sections were interpolated, extrapolated,

or predicted using nuclear model calculations. The techniques used in the
model calculation and the procedures employed in the evaluation are described

in this report,

2. PREVIOUSLY AVAILABLE CROSS SECTION SETS

This section is written primarily for those who have done neutron and/or
gamma-ray transport calculations in materials containing natural lead with
the previous evaluations. One may wish to know what part of the cross sec-
tions he has used is adequate or inadequate for a specific problem.

There are two major evaluations for natural lead, namely, that of
Atomic's Weapons Research Establishment of the United Kingdom in 19613’l+
and that of the United Nuclear Corporation in 1964.5 The former has been
translated into ENDF/B formats and is most commonly used.® The latter con-
tains the only complete set of gamma-ray spectra resulting from (n,xy) reac-
tions.’ Although the present evaluation is an entirely new one and completely
independent of the earlier evaluations, for certain specific problems the
earlier cross section sets may be just as good as the newly evaluated sets.
The judgement is of course left with the user. This section attempts to help

the user make a judgement as to whether recalculation of certain problems,

in whole or in part, is necessary.

2.1. Neutron Cross Sections

Recent measurements with much improved techniques have shown a great

many new resonances in the total cross sections. The gross structure of



the total cross sections agrees quite well with the previous evaluations.
However, many of the newly observed resonances have peaks and valleys
differing from the gross structure by as much as one barn. This may bear
some significance in neutron transport calculations.

Changes in (n,Y), (n,n') and (n,2n) cross sections were small; except
the level excitation cross sections in (n,n') reaction were given in much
more detail, (n,3n) cross sections have been added.

Elastic-scattering cross sections, as the total cross sections, contain

many more resonance structures than those previously reported.

2.2, Angular Distribution of Secondary Neutrons
The angular distributions of elastically scattered neutrons are given
for five neutron energies in the AWRE evaluation and for 378 energies in the
UNC report. The present evaluation, in terms of the first four Legendre
expansion coefficients, agrees with the latter to within 207 above 1 MeV
and 30% below 1 MeV,
The angular distributions of secondary neutrons from inelastic excita-

tion of 35 levels up to 4.4 MeV have been added.

2.3. Energy Distribution of Secondary Neutrons
The energy distributions of secondary neutrons from elastic scattering,
and inelastic scattering exciting the discrete levels, may be obtained analyti-
cally from the angular distributions. Thus the situation here is the same as
in the above section.
The energy distribtuions of secondary neutrons from (n,n' continuum)
and from (n,2n) reactions are believed to be much improved. Those from

(n,3n) reactions are also included.




2.4, Gamma-Ray-Production Cross Sections

The gamma-ray-production cross sections from (n,xy) reactions proposed
in this evaluation are considerably larger than those in the UNC report.
An average deviation of approximately two barns exists in the neutron energy
region above 5 MeV. The shapes of the cross sections in the two cases are
also different, especially above 14 MeV.

The gamma-ray-production cross sections from (n,y) reactions are also
larger than those in the UNC report above 1 keV of neutron energy. This

will be explained in the next section.

2.5. Energy Distribution of Secondarv Gamma Rays

The energy distributions of secondary gamma rays from (n,xy) reactions
deviate substantially from those given in the UNC report, both in spectral
shapes and in neutron energy dependence.

The thermal-neutron-capture spectrum was assumed in the UNC work, due
to the lack of alternatives, to be valid for captures of all energy neutrons. >
Here this assumption is relaxed somewhat by introducing one fast-neutron-
capture gamma-ray spectrum for use with the capture of neutrons above 1 keV.
The fast-neutron-capture spectrum has larger gamma-ray multiplicity than
the thermal-neutron-capture spectrum, thus giving larger gamma-ray-production
cross sections.

The present evaluation was based on more up-to-date data and more
sophisticated calculations than the earlier evaluations. However, reevalua-

tion will be necessary as more and better data become available,



3. GENERAL PROPERTIES OF LEAD

3.1. Possible Neutron Induced Reactions

The element lead has four naturally occurring isotopes. The fractional
abundances, the isotopic masses® and the thermal neutron activation cross
sections®,® of the naturally occurring isotopes are given in Table 1. 1In
cases where analysis has to be made with respect to each isotope, the con-
tribution from *°*Pb is sometimes ignored. 1In such cases the effective
fractional abundances, given in parenthesis in Table 1, are used.

The three lead isotopes 206py, 207Pb, and °®Pb are end products of
the three naturally occurring radioactive chains and may be present in
abnormal amounts in particular samples. A few percent variations in relative
abundances from those given in Table 1 are not uncommon.”

Numerous neutron interactions with the lead isotopes are energetically
possible for neutrons with energies less than 20 MeV, the upper energy limit
of this study. The Q—valueslo’11 and residual nuclei for all allowed reac-
tions are given in Table 2.

Although all of the reactions listed in Table 2 were considered for
their possible contributions to the cross sections of lead, not all of these
reactions were included in the final data sets. Reactions with charged-
particle emission, strongly inhibited by the Coulomb barrier, were found to
make negligible contributions and thus were ignored.

Reactions like (n,n'y), (n,2nYy), and (n,3n) have to be considered sepa-

rately for each isotope. Both the neutron cross sections and the resulting
gamma-ray spectra for these reactions depend heavily on model calculations.

They are thus the most time consuming part of the evaluation.



Table 1. Properties of the Naturally
Occurring Lead Isotopes

Fractional Isotopic Thermal Neutron
Isotope Abundance Mass+ Activation Cross
Section (barns)

20%pyp 0.012L(0.0)* 203.9730kL 0.655+0.05
206py 0.236(0.2L4) 205.97kLT 0.0305+0.008
207py 0.226(0.23) 206.97590 0.709+ 0.01
208py 0.523(0.53) 207.97665 0.0005

+
Mass of natural lead may be set equal to 207.21+0.03 aru in the 120
scale.

*
Effective abundances used in cases where the contribution from *%“Pb
is neglected. -




Table 2. Reaction Q Values and Residual

Nuclei for Lead Isotopes

Q Values (keV) and Residual Nuclei

Reaction
ZOHPb ZOSPb 207Pb ZOBPb
(n,y) +6734.4+12.0 +6733.1+6.7 +7376.0+46.9 +39L4.8+9.3
Pb 205 Pb 207 Pb 208 Pb 209
(n,n") -899.0+0.0 ~-803.0+0.0 ~-570.0+0.0 -2615.0+0.0
Pb 20k Pb 206 Pb 207 Pb 208
(n,p) -17.5+11.3 -7h1.8+7.5 -652.5+8.6 ~h211.147.7
T1 204 T1 206 T1 207 T1 208
(n,np) -66L6.0+8.0 -7265.0+6.0 -T476.0+6.0 -803k4.0+9.0
T1 203 T1 205 T1 206 T1 207
(n,2on) -8okL h+1h .k -8085.7+10.1 -6733.1+6.7 -7376.0+6.9
Pb 203 Pb 205 Pb 206 Pb 207
(n,ad) -4h20.5410.6 -5043.8+9.2 -5250.5+7.8 -580L4.1+8.5
T1 203 T1 205 T1 206 T1 207
(n,t) -5859.5+2k4. L -6320.8+9.2 -5519.5+9.4 -6369.1+7.7
T1 202 T1 20k4 T1 205 T1 206
(n,’He) -L4622.9+10.0 -5957.2+7.5 -T147.94100.1  -7663.5+21.5
Hg 202 Heg 204 Heg 205 Hg 206
(n,a) +8195.7+10.6 +7122.4+8.3 +7887.7+7.8 +6054.1+4100.1
Hg 201 Hg 203 Heg 20k Hg 205
(n,na) +1969.3+10.0 +1135.0+7.5 +389.3+8.6 +511.7+7.7
Hg 200 Hg 202 Hg 203 Hg 20k
(n,3n) -15174.0+38.0 -14816.0+L.3 -14817.0+7.0 -14110.0+3.0
Pb 202 Pb 20k Pb 205 Pb 206




3.2. Energy Levels and Decay Schemes of the Lead TIsotopes
Understanding the properties of the energy levels and decay schemes
of the lead isotopes is very important when trying to analyze the (n,n'),
(n,2n), and (n,3n) cross sections and the resulting gamma rays. The energy
levels and gamma-ray branching ratios for 29®Pb, 2%7Pb, and 2°®Pb as used
in the theoretical analysis are given in Tables 3-5 and Figs. 1-3.
For 2°®Pb the energy levels are mostly those given in Nuclear Data

Sheets.!'? Those taken from other sources!3-18

are indicated in the comments
of Table 3. Above 2 MeV levels predicted by the shell-model calculations

of Alburger and Pryce'® were added. The same calculation was used to assume
spins and parities for observed levels for which spins and parities had not

been known. Most of the energy levels in 2%Pb below 3.7 MeV may be inter-

preted as two-neutron-hole states on a doubly magic core 208ph,  Around

3.8 MeV, two-proton-quasi particle and four-neutron-quasi particle states

are likely to set in. The two-neutron-hole states were calculated by

-1
P1/2

at 1.634 MeV, and

Alburger and Pryce15 assuming éingle—hole states of 2°7Pb to be: at

-1 -1 =1
0.0 MeV, f5/2 at 0.570 MeV, P3/2 at 0.870 MeV, 113/2
h;iZ at 2.35 MeV. The last single-hole state was mistaken at that time

7/2

modified accordingly before it was entered into Table 3. However, the modi-

(1954) and has since been proved to be f (Ref. 17). The calculation was
fication did not change any states as calculated by Alburger and Pryce15 below
3 MeV. Their calculation was thought to be trustworthy because six of the
predicted levels have been experimentally verified since the publication of
their paper. The 3 state at 2.634 MeV has been identified as the lowest
vibrational state,18 and the 2+ state at 4.128 the lowest rotational state.’®
These two collective states will need special care in the cross section

analysis.
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Table 3. Energy Levels of 2°6pp

Excitation Spin and Parity

Level Energy (MeV) Established Assumed Comment s
1 0.0 o
o 0.803 "
3 1.175 o
h 1.3 37
5 1.462 o*
6 1.682 Wt
7 1.700 1t
8 1.762 (2% o*
9 1.998 yt
10 2.160 ot A
11 2.200 T B
12 2.210 3" c
13 2.250 1" C
1k 2.385 6"
15 2.500 ot c
16 2.526 3" D
17 2.63kL 3"
18 2.783 5~
19 2.800 3" c
20 2.820 ¥
21 2.940 L E
o2 3.017 6
23 3.050 " c
o) 3.125 (6" 57 D
o5 3.200 Lt E
26 3.250 6 E
27 3.280 5
28 3.300 1 C
29 3.Lok 5
30 3.453 (37) 3 F
31 3.500 3" c
32 3.560 (57) 5 F
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Table 3 continued

Level Gy (vev)  Esteblished Aesamed COMeMte
33 3.600 } 5+ C
3k 3.708 5° I
35 3.721 0" G
36 3.750 3 c
37 3.776 (57) 5" F
38 3.900 6" C
39 3.961 iy I
Lo L. 005 3" H
L1 4.075 N H
L2 L.125 L I
43 4.128 (2%) 0" F
LY h,101 5 H
L5 L.253 5 I
L6 L.259 6 H
L7 L.368 (1% 3 F
L8 4.382 6 I
49 4.386 6%) 6" P

A, Assumed by Lind and Day,13 and also by Cranberg gﬁ_gl,lu in their
calculations.

B. The assignment 7_ at 2.2 MeV was not consistent with the inelastic
scattering measurement of Cranberg gz_g;,,lu so they used 2+ for
this level in their analysis. The two states 3* and 1% predicted by
Alburger and Pryce15 near 2.2 MeV tend to resolve this dilemma.

C. Calculated levels by Alburger and Pryce.15

D. Tentative assignment proposed by Alburger and Pryce.15

A

E. Level observed by Cranberg et QL.,I spin assumed with the calculation

of Alburger and Pryce.15 o

F. Observed levels and tentative spins by Saudinos gE_g;,IS
G. Level observed by Saudinocs et g;.,ls

spin assumed with the calcula-
tion of Alburger and Pryce.T5

H. Levels observed by Saudinos gﬁ_g&.,ls spins assumed to be those of

four-quasi particle states: (pl/2)'2 (f5/2)‘1 (g9/2)1.

I. Two-proton-quasi particle states assumed to be the same as in 208py
(see Table 5).
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Table 4. Energy Levels of 2%7pp

Excitation Spin and Parity
Level Energy (MeV) Established Assumed Comments

1 0.0 1/2"

2 0.570 5/2°

3 0.898 3/2"

Ly 1.633 13/2%

5 2.340 7/2”

6 2.62l 5/0%

7 2.662 7/2%

8 2.726 9/2% .

9 3.057 3/2% A
10 3.180 11/2, A
11 3.202 5/2, A
12 3.002 13/2 A
13 3.267 . 7/2% A
1h 3.298 1/2 A
15 3.382 (9/2%,11/2%) 9/2" A
16 3.409 9/2”

17 3.426 3/2" B

18 3.471 5/2% B,D
19 3.499 (11/2%) 11/2% C

20 3.503 7/2" B,D
21 3.522 9/27 B,D
o0 3.580 7/2 E

23 3.620 9/21 E

2l 3.632 . 5/2 E

25 3.645 11/21 D,E
26 3.725 9/2 D,F
o7 3.817 11/2% F,G
28 3.85h 3/0" G.H
o9 3.891 9/21 G,T
30 3.989 5/2 ¢,H
31 4 .0ko 7/2% J,H
32 L, 060 g/2% J,H
33 L. 089 (3/27) K,G
3k b.113 (15/27) L,G
35 L.120 11/2% J,H
36 L.127 (5/27) K,G
37 L.1ko 5/0% J M
38 L.160 7/2% J M
39 4,181 g/ot G,M
Lo L. 200 11/2% J M
41 L.220 T/0" J,N
Lo i . 240 9/2— J,N
43 L. 260 11/2- J,N
i L.288 (1/27,9/2-) 7/ a

L5 L.300 11/2+ J,0
16 .310 9/2% J,0
Lt 4,31k 7/2% 0

L8 4.339 (11/2-) G

Te) L.380 (13/27) G

50 1.388 (5/2%) P
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Table 4 continued

Table L4 — footnotes

Assumed configuration 2°%Pb(37,2.615) x 2°7Pu(sZ1l_,0.570). The symbol
x stands for "coupling". The 3.180 and 3.222 Mgégstates are observed
to decay to the 13/2% state, and are,therefore assigned to be 11/2%
and 13/2% respectively.

~1

3/2,0.898).

Assumed configuration 2°%Pb(37,2.615 ) x 2°7Pu(p
Probably (i 11/2)l (Ref. 17).
Energy levels observed by Grosse gz_gi.lg

Assumed configuration 2%%Pb(2%,0.803) x 207py (g /2,2.726). The
state 2:GPb(2+,O.803) has the dominant neutron 8onfiguration
(pl/g) " (Ref. 15).

. . 208 - 207 -1
Assumed configuration Pb(57,3.702) x Pb(p1 2,0.0). The state
208pp(5-,3.702) has the dominant neutron configuéation (gg/g,fg}g)
(Ref. 13).

Levels observed by Saudinos et EL.IG

Assumed configuration 2°®Pb(3%,1.338) x 2%"Pb(g., ,2.726). The
state “2°Pb(3%,1.338) has the dominant neutron 8é§figuration
(677, ,£57,) (Ref. 15).

Assumed configuration 2%%Pb(0%,1.165) x 2%7Pu(g,. ,.,2.726). The
state 2%®Pb(0*,1.165) has the dominant neutron configuration
(1‘5/2)‘2 (Ref. 15).

Energy levels not observed but added from core coupling considerations.

Proposed by Saudinos gﬁ»al.26 to have the dominant configuration

208pp(2*,4.076) x 2°7Pb(pTL_,0.0). The state 298pp(o+ . L.076) is
. 13 1/2

collective.

Probably ( )1 (Ref. 17)

J1g5/0
Assumed configuration 2°8Pp(2*,1.L62) x Pb(g /2,2.726). The
state 206Pb(2+,l.h62) has the dominant neutron gonfiguration

- -1
(pl}g,P3/2) (Ref. 15).

207

208 - 207 -1
Assumed Pb(3 ,2.615) x Pb(113/2,1.633).
Assumed 2°Pb(2%,0.803) x 297Pp(iT1, ,3.499).

11/2°

Probably (& )l (Ref. 17).

5/2
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208

Table 5. Energy lLevels of Fb
Excitation Spin and Parity
Level Energy(MeV) Established Assumed Comment s
1 0.0 0
2 2.615 3”
3 3.198 5 A
Ly 3.475 L A
5 3.708 5_ - B
6 3.920 (6 ) 5 C,
7 3.9L6 (>4) 57 F
8 3.961 (%) b~ C
9 3.998 6 B
10 L.038 (77) T B
11 4.050 (L) . B
12 h.076 ot Coll.
13 h.,125 LT,57 . D
1h h,161 (5)” 5 E
15 L. 20k 57,6 6 F
16 L.231 (27) 2~ B*
17 L.2oh3 (27-L-) 37 B"
18 l.253 (37=57) 5° D
19 L.316 (5)" i E
20 L.323 h Coll
21 L.357 (47) 37 E
20 L.382 (6l 6 D
23 4. 435 (67) Coll
2l L. 480 (6)” 6; E
o5 L.608 (8" 8 G
26 L.650 37 K*
o7 L. 698 (3)7 3" D
28 L .720 i K¥
29 Y, 7ho 5 K*
30 L.760 6 K*
31 L.780 3; L¥*
32 W, 800 3, M*
33 4,820 h+ L¥
34 4,829 (1l 2 M
35 4.859 o, . pairing vibration
36 2.863 (57) ) Z* G
37 .910 L-10 T
38 4.920 . ui Mj
39 L. 93k (27) 2, I
Lo L.953 (h-6) 5 M
41 Lotk (3)” 3 H
2 5.010 i ¥
43 5.038 (2)” 27 H
Ll 5.060 3" I*
L5 5.077 (5-10)" 57 T
L6 5.095 _ 5 N*
L7 5.127 (2) 2, 0
48 5.140 6+ Mi
L9 5.162 1 T
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Table 5 continued

Excitation Spin and Parity

Level Energy (Mev) Established Assumed Comments
50 5.180 . 6 I

51 5.200 (8-10)+ 6+ T

52 5.211 (8-10) 7 I

53 5.220 . L 0¥

5k 5,236 0 _ _ .

55 5.2k5 (2) 3” 0

56 5.260 5 O¥

5T 5.281 0_ J

58 5

.288 1 J

A-O: Particle-hole configurations.
+ Assumed particle-hole configuration for observed levels,

¥ Assumed level and configuration

-1

A, 2%°pp(g x 2%7pp(p , 0.0). A constant energy gap A = 3.34 Mev
is assugeé for all neutron’ configurations.

B 209Pb(g9/2,0.0) X 2°7Pb(f5}2, 0.57).

c. 2%9Bi(n.,.,0.0) x 2°774(s” _, 0.0). A constant energy gap A = 3.83 MeV
is assugég for all proton éonflguratlons

D. 2°9Bi(h9/2, 0.0) x 2%779(a 3}2, 0.351).

E. 209Pb(g9/2, 0.0) x 2°7Pb(p3%, 0.898).

F. 209Pb(i11/2, 0.782) x 207Pb(p1/2, 0.0).

G. 209Pb(315/2, 1.4h28) x 207Pb(pl/2, 0.0).

H. 2°9Pb(d5/2, 1.570) x 2%7Po(p 1§2’ 0.0).

I. ?%®Bi(n 0/2° 0.0) x 2°77g(h 11/2, 1.341).

J. 2°9Pb(sl/2, 2.0k1) x 2%7Po(p 1?2’ 0.0).

K. 2°9Pb(ill/2, 0.782) x 2°7Pbkf5i2, 0.570).

L. 2°9Bi(f7/2, 0.900) x 2°774(s 1%2’ 0.0).

M. 209Pb(g9/2, 0.0) x 2%7pb(i 1%/2’ 1.633)

. 2°9Pb(i13/2, 0.782) x 207Pb(p3}2, 0.898).

0. 2°9Bi(f7/2, 0.900) x 2°7Ta(d. 3/2, 0.351).
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206

The gamma-ray branching ratios for Pb (Fig. 1) were taken from

Nuclear Data Sheets.!?

207

The energy levels, spins, and parities of Pb below 3 MeV were

7 Between 3 and 4 MeV 21 levels have

obtained from Nuclear Data Sheets.®
been observed, but only a few have spin and parity assignments. We ‘
followed the core coupling picture of Grosse et 23'19 in obtaining spin
and parity assignments for these levels. Details of such assignments are

given in the comments of Table 4. While this approach is by no means

accurate, it is believed to be far closer to the true spin and parity

distribution than that represented by a level density formula. For example,

20 of the 21 levels between 3 and 4 MeV are predicted to have positive

parity. The levels 5/2+ at 2.624 MeV and 7/2+ at 2.662 MeV have the dom-

-1

inant configuration 2°®Pb(37, 2.615) x 207py, (Pl/Z’

0.0), and are therefore
collective.

207

The gamma-ray branching ratios for Pb (Fig. 2) were mostly taken

from Nuclear Data Sheets. !’

The branching ratios from the levels at 2.624
and 2.662 MeV were assumed on the basis that transitions observed in more
than one reaction were stronger than those observed in only one reaction.
Besides the vibrational state (3, 2.615 MeV) and the rotational band
(2+, 4.076 MeV; 4+, 4.23 MeV, etc.), nearly all excited states below 5.3

MeV in 209%p are two-quasi particle admixtures, 2’

Both neutron and proton
configurations are almost equally likely because the nucleus is doubly
magic. The energy levels, spins, and dominant particle-hole configurations

- below 5.3 MeV in 2°%%b are listed in Table 5. For excitation energies less

than 4.6 MeV, all possible two-quasi particle states with spins less than

or equal to 6 match the observed levels very well. Above 4.6 MeV approxi-

mately half of the allowed spins and/or configurations are not yet observed
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but are added. The single-particle and single-hole states were taken from the
neighboring add-A nuclei; namely, 299pb and 2°7Pb for neutron configurations,
and 2°°Bi and 2°7T1 for proton configurations. The energy gaps were taken .
to be An = 3.34 MeV for the neutron pair, and Ap = 3.83 for the proton pair.
For details see the comments in Table 5.

The decay scheme of 208ph (Fig. 3) was mostly reconstructed from Nuclear
Data Sheets.?? The gamma-ray branching ratio from decay of the 4.231 MeV
level was taken from Nellis gg_gl.ZI We also followed their assumption for
the branching ratio from the level at 4.050 MeV.

For the calculation of gamma-ray-production cross sections, branching
ratios not known experimentally were filled by assuming El selection rule.
If a level could not be deexcited by El transition, then M\ or E)X transitions
were also allowed with the smallest possible A. An exception to these rules
were the decays of the rotational band heads in 2°®Pb and 2°’Pb near 4 MeV
for which we assumed 507 deexcitation to the ground states and 50% by the
above selection rules. This was based on the observed transitions of the
rotational band head in 2°%®Pb and on the relatively large B(EX) values observed
for these states, which indicated that ground-state transitions were allowed.
Energy considerations (E$k+l) also tend to favor transitions of the rotational
members to the ground states than to the band heads. Thus the 50% transition
to the ground states were also assumed for the rotational members. The de-

formation parameters BA’ which are related to the B(EX) values and are needed

for later use, are listed in Table 6.22%°2°3

3.3. Level Densities of the Lead Isotopes

The level densities of the lead isotopes, needed for analyzing the "

(n,n'), (n,2n) and (n,3n) cross sections and the resulting gamma rays, may
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Table 6. Deformation Parameters BY

Deformation Parameter BY

Isotope Level A
Reported (Ref.) Adopted
206py, 27 (0.803) > 0.037(22), 0.078(16) 0.037
1T (1.682) 4 0.042(16)
37(2.634) 3 0.12+0.02 (18) 0.12
0.115(16)
5.(3.776) 5 0.077(16)
2 (2.108) 2 0.063(16)
LT (k.368) I 0.068(16)
6 (4.386) 6 0.060(16)
207py 5/2] (2.6214) 3 0.072(17)
T/2 (2.662) 3 0.087(17)
3/27 (4.089) 2 0.040(17)
5/27(4.127) 2 0.0L5(17)
7/27(4.288) L 0.062(17)
11/27(4.339) 6 0.043(17)
13/27(4.380) 6 0.048(17)
208py, 37(2.615) 3 0.084-0.150(20) 0.12
0.12(16)
5 (3.198) 5 0.072(20)
5+(3.7o8) 5 0.034(20)
2 (h.076) 2 0.058(20)
bt (4.323) I 0.066(20)
6t (4. b25) 6 0.057(20)
Pb 2.7+0.1 0.11k*
- 3 0,11+0.02{18)
2.0%0.2 0.12+0.01(23)
4.1+40.3 2,k,6 0.10+0.01(23)

*
Adjusted to fit 8 MeV and 1L MeV inelastic-scattering data simultaneously.
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be described by the Gilbert and Cameron?® " scheme, as extended by Penny25

O(E,I,m) = 1/2 w(E) e(E,I) (1
e(E,1) = o7/ 2ct o~ (THD?/2ct (2)
%_G(E—EO)/T
wle) = ; E <E<E |, (3a)
o c — — X
e? VEU/lZ V2ac at®; E>Ex, (3b)

where

U=E- A= at?,

24

>
1]

pairing correction

™
i

continuum cut-off energy.

The parameters c, a, T, and EO are determined from experimental evidences
discussed below.

Theoretical considerations have led to the formula?"

c = 0.0888 aA2/3. (4)

One may use Eq. (4) to determine '"¢" from a given "a" or from experiment.

For °7Pb and 2°%Pb, "a" is determined from the resonance spacings.

Gilbert and Cameron®" quoted the values a = 7.7 + 1.0 for 2°7Pb and

a=6.77 + 0.8 for ?°°Pb from analysis of s-wave neutron resonances. Baba?®
gave corresponding values of 10.98 ig';g and 10.28 fg'g; from analysis of

both s-wave and p-wave neutron resonances. These discrepancies in "a"

lead to differences in level densities (based on Eq. (3b)) by factors of
14 and 22 near the neutron separation energies in 207pb and 2°°Pb respec-
tively. These large discrepancies result mainly from uncertainties in

assigning """ values to the resonances. Therefore the values of "a"



23

resulting from analysis of both s- and p-wave resonances should be more
trustworthy.

At very low energies, the level densities should be consistent with
the direct level counts of the discrete levels given in the last section.
One may then obtain EO and T by solving Eq. (3a) with the requirements that
it is equal to the level density obtained from counting discrete levels at
very low energies and those from Eq. (3b) near the neutron separation energy.

There exist no resonance data in 2°®Pb. Gilbert and Cameron?"

predicted
a set of level density parameters for 2°®Pb based on their semi-empirical
scheme. The nuclear temperature (T = 0.96) they predicted was found to be
consistent with the neutron evaporation data of Cranberg et al.'" We also
adopted Gilbert and Cameron's parameters for 2°°Pb and 2°%%Pb. Fig. 4 and
Table 7 summarize the proposed level densities. One should keep in mind

that these level densities were obtained from insufficient experimental

evidences. They should be modified as new evidences become available.

4, COMPUTATIONAL METHODS AND PROCEDURES

The theoretical calculations provide the most reliable way of extrapo-
lating and interpolating the data to energies and angles not available in the
experiment. In this section we list the computer codes used and the computa-
tional procedures adopted. Details of calculated data will be given later

in conjunction with the discussions of experimental data.

4.1. Computer Codes

There are four computer codes available for the present calculation.

The first three codes are much more general than outlined below.
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Table 7. Level Density Parameters for the Lead Isotopes

a E E E
Lead A -1 o T c X
Isotope (MeV) (MeV —) (MeV) (MeV) C (MeV) (MeV)
204 1.54 12.91 0.96 0.63 26.6 0 4.5
205 0.83 11.18 -0.58 0.825  30.4 0 5.5
206 1.24 9.32 -0.18 0.96 2h.9 2.2 6.4
207 0.83 10.98 1.86 0.59 28.8 3.3 6.9

208 1.21 10.28 2.64 0.58 26.2 4.3 7.4
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GENOA?7 is an optical model?® search code. It fits simultaneously
several sets of data by means of an average optical model potential. The

optical model potentials and parameters are defined by
£ + AWE (r) + U £+0 £ (
v v(r) ivf r) o f Y)

where

_ v, -1 _ 1/3
fv(r) = [1 + exp ( S 3] ,RV =1 A R
v
r-R r-R
_ w W, =2 _1/3
fw = 4 exp ( A Y [1 + exp ( N Yl o, RW = rwA s
w W
r-R r-R
. h.2 1 y Uy =2 o 1/3
£, = G ar exp ( 2 ) [1 4+ exp ( a )17, R = r AT,

where M is the pion mass. GENOA may be used not only to provide an optimum

set of optical model parameters but also to calculate total cross sections,

reaction cross sections, shape elastic cross sections, and angular distribu-
tions.

HELGA?® employs the Hauser-Feshbach model®’ with Porter-Thomas width
fluctuation corrections?! for scattering and binary reaction cross sections.
Continuum states can be included in competition with discrete states. Gamma-—
ray-production cross sections and energy distributions of secondary gamma rays
can be calculated for the discrete states. Optical model parameters from
GENOA (but without spin-orbit dependence), level structures and gamma-ray

branching ratios given in the last section are used as inputs. Gamma-ray
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branching ratios not known experimentally are calculated with simple
assumptions concerning the multipolarities of gamma-ray transitions.

33 code which may

JULIE®? is a distorted-wave-Born approximation
be used to calculate the direct-interaction contributions to inelastic
scattering exciting the collective states described in the last section.
Optical model parameters from GENOA and the deformation parameters given
in Table 6 are needed for the calculation.

NNNGAM®® is a code developed specifically for the present purpose.

It may be used to calculate the energy distributions of secondary gamma
rays and gamma-ray-production cross sections for (n,n'), (n,2n) and (n,3n)
reactions. The code was based largely on the statistical-model theory of
neutron reactions and scattering35 and the gamma-ray cascade theory of
Troubetzkoy.36 However, two variations were made. First, the statistical
model is used to determine the excitation of both the continuum states

and the discrete states only if incident neutron energy is sufficiently
high. 1If the incident neutron energy is low (1 or 2 MeV above the highest
discrete level), the excitation of the discrete states is redistributed
according to the calculations with HELGA and JULIE. The second variation
involved gamma-ray branching ratios. Gamma-ray cascades are made spin-
and parity-dependent. Discrete-to-discrete branching ratios, if not known

experimentally, are filled by El selection rules. Levels that cannot be

deexcited by El transitions are allowed to decay by MM or EX transitions

with the smallest possible A, Continuum-to-discrete transitions are assumed

to be dipole with the weight {exp[~12/2 ct] - exp [—(I+l)2/2 ct]} where I

is the spin of a discrete level. The code also contains a method for approxi-

mating gamma-ray yield from (n,3n) reactions by those of (n,2n) reactions
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involving the same residual nucleus and employing the concept of modified

level density (see Section 5.6).

4.2, Computational Procedures

The four codes outlined above are obviously inter-dependent. The
calculated cross sections from all four codes were based on the same set
of input data. The input data, apart from those selected for determining
the optical model parameters, were obtained from experimental evidences
not directly related to cross sections. The calculated cross sections formed
a consistent set.

First the angular distributions of elastic-scattering cross sections
were surveyed. A set of data covering incident neutron energies from 1 MeV
to 15 MeV was selected based on the relative merits of experimental technique
and data reduction. The data above 7 MeV may be considered predominantly
shape elastic and were used in the search code GENOA to find the initial set
of optical model parameters. The total cross sections and nonelastic cross
sections were not fitted but were used as checks. Many sets of optical model
parameters have been used in the literature, each set best fitting certain
cross sections for certain energy ranges. Two sets of parameters were found
satisfactory at this step. They were:

1. The local potential equivalent?®’

to the nonlocal potential of Perey
and Buck.’® This set has been widely used.

2. The set proposed by Zafiratos gE_él.38 which best fits their angular
distribution of neutron scattering from lead at 7 MeV.

These two sets of optical model parameters were then used in HELGA for

the compound-nucleus portion of inelastic-scattering cross sections and in

JULIE for the direct-interaction portion. Upon comparison with experiment
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the first set of parameters was found to be far superior to the second
set for these cross sections,

The angular distributions of compound elastic cross sections below
8 MeV generated by HELGA with the first set of optical-model parameters
were fed back to GENOA. Fits to the cross sections above 4 MeV were good
but became increasingly worse as the energy got lower. Small improvement
in fitting low-energy differential elastic cross sections resulted in sub-
stantial worsening in inelastic cross sections. Thus attention was shifted
to fitting inelastic cross sections, altering only the potential depths.
This resulted in a fixed set of optical model parameters, as shown in
Table 8. Several iterations were made with the above procedures in obtaining
this set of parameters.

The level excitation cross sections from HELGA and JULTE below 7 MeV
were used as input to NNNGAM for computing gamma-ray spectra and production
cross sections. The gamma-ray spectra and production cross sections below
the continuum cut-off (4.4 MeV) were generated directly from HELGA. The
continuum cut-offs, Ec’ of the three major lead isotopes are smaller than
4,4 MeV (see Table 7). From Ec to 4.4 MeV the discrete level excitation
cross sections were weighted by the level densities for use in forming
the gamma-ray cascade. For computing gamma-ray yields, all the levels

208

below 5.3 MeV in Pb were used so that the known level properties and

gamma-ray branching ratios could be fully utilized.

5. COMPARISON OF CALCULATION WITH EXPERIMENT
It will become clear that the data situation in lead is such that
heavy reliance has to be placed with calculation to obtain complete cross

section sets. In this section we compare calculated cross sections with
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Table 8, Fixed Optical Model Parameters

Real well depth V 47.0 - 0.25 En MeV
Imaginary well depth W 3.5 + 0.43 En MeV
Spin-orbit well dpeth U 6.0 MeV
Real well radius r. 1.25 F
Imaginary well radius rw 1.25 F
Spin-orbit well radius r. 1.25 F
Real well diffuseness a, 0.65 F
Imaginary well diffuseness a 0.4T F

Spin-orbit well diffuseness 2, 0.65 F
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measured data wherever feasible. In some cases, calculations define the
cross sections better than curves drawn through data. 1In some other cases,
computed data are adopted due to the lack of better alternatives.

Fig. 5 presents a concise picture of some of the calculated cross
sections to be discussed in detail. This includes o(n,xY), o(n,x), o(n,n'),
OL(n,n'), Oc(n,n'), 0(n,2n), and 0(n,3n). The subscripts L and C stand
for level and continuum respectively, OL(n,n') is composed of compound-
nucleus and direct-interaction contributions. All these cross sections
will be discussed and/or compared with experimental data in the order of
calculation. Angular distribution of elastic scattering will be presented

first.

5.1. Angular Distribution of Elastic Scattering
Fig. 6 compares optical model calculations with the experimental data
39,40,41

at 7 MeV and near 14.6 MeV. Three different sets of experimental data

were used to cover the entire angles of scattering near 14.6 MeV. These data

were chosen from relative merits of experimental and data-reduction techniques.
Many more measurements have been made near 14 MeV and have been summarized in

38

in BNL-400 (Ref. 42). The measurement by Zafiratos et al. at 7 MeV is

believed to be an excellent one and has helped in defining the optical model
parameters., However, the comparison shown in Fig. 6 does not represent best
fit to these data because consideration in inelastic scattering has altered
the optical potential strengths somewhat from the values best fitting these
data.

Fig. 7 compares optical model calculations with data at 4 MeV and 5 MeV,
The comparison at 5 MeV seems inconclusive. The measurement by Buccino

43

et al. at 5 MeV is for radiogenic lead and the data of Hill****® are given

.
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in laboratory angles. These two sets of data disagree substantially. Con-
verting the Hill's data to center of mass system makes the disagrement slightly
worse, The good agreement of optical model calculations with measurements
at 4 MeV and 7 MeV has led us to assume that the calculation is more trust-
worthy than either of the measurements at 5 MeV. The 4 MeV data were taken
from Walt and Beyster,*® Okhuysen et al.“” and Gorlov et al."“®

It should be noted that the comparisons shown in Figs. 6 and 7 are given
in the absolute sense. The optical model calculations, above 5 MeV, will be
used to represent the normalized angular distributions of elastic scattering.
The magnitude of elastic scattering cross sections will be determined by other

means.

5.2. Direct-Interaction Contribution to OL(n,n')
Angular distributions of the direct-interaction contribution to GL(n,n')
were calculated with JULIE with the fixed optical model parameters. Fig. 8
compares these calculations with the available data for the vibrational (2.6

MeV) states at 8 MeV and 14 MeV and for the rotational (4.1 MeV) states at

14 MeV for natural lead. A deformation parameter of 0.114 was found reason- 1
able, as compared with quoted values of 0.11 (Ref. 18) and 0.12 (Ref. 23),
for the vibrational states. At 8 MeV and above compound-nucleus contribu-
tions to these levels are negligible.
Calculations with JULIE have been made over the entire energy range
for all the levels for which the deformation parameters are appreciably large,
as listed in Table 6. The direct-interaction components of OL(n,n') are
shown in Figs. 9, 10, and 11 for levels in 206Pb, 207Pb, and 2°%pp respec-
tively. The corresponding angular distributions were fitted by Legendre

polynomials to be merged with the compound-nucleus components which will be

discussed next.
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5.3. Inelastic-Scattering Exciting Levels

Fig. 12 compares calculation with the measurement of Towle and Gilboy"®
for inelastic-scattering cross sections for the three lowest excited states
in ?%8phb, The agreement is reasonably good except for one datum near 4.5 MeV
for the 2.615 MeV level. The calculated cross sections for exciting the 2.615
MeV level is depressed above 4.0 MeV because of intense competitions from
other levels. The dashed curves are for compound-nucleus contributions alone,

Fig. 13 shows similar comparison for °%’Pb for levels up to 3.43 MeV.
The measurement, taken at a scattering angle of SOO, is due to Cranberg

t al.t®

The quoted error is +10%. TFig. 14 compares differential cross
sections for the three lowest excited states. The agreement is generally
good. For the 1.633 MeV level, good agreement in Fig. 13 and poor agreement
in Fig. 14 indicate possible inconsistency in the data. It may be noted that
0(E) is approximately equal to 4HO(SOO,E).

Figs. 15, 16, and 17 serve the same purpose for 296ph,  The groupings
of levels in ?°7Pb and %°®Pb were made such that all levels in the closest
vicinity of an observed excitation energy were included for that excitation.

The small humps near 4 or 5 MeV in the calculated excitation cross
sections mark the turning-off of the width-fluctuation correction. This
was a drawback in the computational scheme, but fortunately, its effect
was small and it influenced only the lowest few levels.

The calculation was performed for all the discrete levels up to 4.4
MeV. The sum of these cross sections, weighted by the isotopic abundances,

define OL(n,n') shown in Fig. 5.
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5.4, Nonelastic Cross Sections and Components

Above the (n,n') threshold (0.573 MeV), the capture cross sections
are smaller than 4 mb and above 3 MeV they are less than 1 mb. Coleman®?
has measured (n,qa) cross section for 2°%Pb to be 1.58 + 0.24 mb at 14.5
MeV. Other cross sections for the emission of charged particles are believed
to be small. Therefore, the nonelastic cross sections above the (n,n')
threshold are composed mainly of (n,n'), (n,2n) and (n,3n) reactions.

Up to 8 MeV, the nonelastic cross sections were calculated with HELGA.
The (n,n') thresholds in the three major isotopes mark a three-step rise
of the (n,n') cross sections in the low-energy region. From 8 MeV to 20 MeV,
the nonelastic cross sections were computed with GENOA. The ratios of the
compound-nucleus components of (n,n') cross sections to the sum of (n,2n) and
(n,3n) cross sections were calculated with NNNGAM. Given nonelastic cross
sections and the direct-interaction part of the (n,n') cross sections, the
rise of the (n,2n) cross sections and the decline of the (n,n') cross sections
above the (n,2n) threshold were then defined. The (n,3n) cross sections were

1

calculated with the Pearlstein formalism®! with level densities defined pre-

viously. All calculations were performed for each of the three major isotopes

so that the effects of different reaction thresholds in the isotopes were

f 204

included properly. The contributions o Pb to these cross sections were

ignored.
The calculated o(n,X) and o(n,n') are compared with available data in

Fig. 18. For o(n,X) the data were taken from LA-1429 as given in CSISRS,>?

3

Walt and Barschall,5 Beyster gg.él”su Beyster, Walt and Salmi,®® Strizhak,>®

57

Taylor et al., Pasechnik,®® Degtyarev,®® Bonner and Slattery,®? Degtyarev

61 2

and Nadtochii, Chatterjee and Ghose,®? and Coon gE_gl,”o Not shown in

o
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the figure are seven single values of o(n,X) near 14 MeV which have been
tabulated in BNL-325 (Ref. 9). The average of these values well defines
a 0(n,X) of 2.5 + 0.02 barns near 14 MeV.
MacGregor63 measured o(n,n') = 170 + 50 mb at Erl = 14,2 MeV for
En' = 9 - 14 MeV. Coon gg_gl.“o measured o(n,n') = 88 + 30 mb at Erl = 14.5

o _ 1800. The scattered neutrons of

MeV for En' = 9 - 14 MeV and 06 = 40

energies from 9 to 14 MeV correspond to the excitation of levels below 5

MeV which result dominantly from direct interactions for incident neutrons
o o

above 14 MeV. Therefore, the contribution to o(n,n') in the 8 = O - 40

region was estimated from the calculation given in Section 5.2 to be 59 + 15

mb. This was added to Coon's datum to give o(n,n') = 147 + 45 mb at Erl
14.5 MeV for En' = 9 - 14 MeV. The scattered neutrons below 9 MeV result
mainly from compound nucleus formation, and their contributions to o(n,n')
obtained in the NNNGAM calculation were found to be 16 mb at 14.2 MeV
and 12 mb at 14.5 MeV. These corrections, well within the experimental
errors, were not applied to the data. From analysis of gamma-ray cascades,
Jonsson®” obtained the upper limit of o(n,n') at 15.5 MeV to be 820 + 270 mb
and the lower limit 650 + 100 mb. These values seemed to be too big by a
factor of ten and were not entered into Fig. 18. OC(n,n') is obtained by
subtracting oL(n,n') from o(n,n'").

Several measurements have been made for o(n,2n) near 14 MeV which are

tabulated below:

EngMeVg g (mb Reference
14 1800 + 200 65

14 2300 + 190 66

14 2180 + 200 67

14 1760 + 40 68
14.1 2740 + 200 69
15.5 1700 + 280 64
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The last entry was obtained from the limits 1850 + 110 mb and 1680 +
270 mb, estimated by the author from analyzing measured gamma rays. It
is seen that the discrepancies among various measurements at 14 MeV are
large, and one can hardly argue for or against a calculated value of 2358 mb
at 14 MeV and the o(n,2n) curve shown in Fig. 5. However, the calculated
o(n,2n) is consistent with measured o(n,X) and o(n,n').

No measurements have been made of o(n,3n).

5.5. Energy Distribution of Secondary Neutrons

The energy distribution of secondary neutrons from (n,n' continuum),
(n,2n), and (n,3n) reactions may be derived from the level densities with
the statistical-model theory®® and the LeCouteur theory’® for neutron cascade.
The energy distribution of the "first" neutron may be represented by an evap-
oration spectrum

—E'/@l
f(En - Eé) ~ Eé e

where the temperature 61 is equal to T in the level density formula given
by Eq. (3a). Corresponding to Eq. (3b) the temperature is given approximately
by

En_ﬁ)l/2

a

. - 1
61~( if En A >> En‘

Eq. (3b) was used first to obtain the temperature, 61, above 8 MeV for the
lead isotopes. The temperature in the energy region from the (n,n') continuum
cut-off (4.4 MeV) to 8 MeV was extrapolated from that above 8 MeV and the
extrapolation was required to go through a temperature defined by Eq. (3a)

near 6 MeV. The temperature for natural lead is shown in Fig. 19, together

71 2

Huber et al.,’? and

with some measured values taken from Mathur et al.,
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Ashby et al.®® Two data points are given for 2°$Pb which represent upper

7

limits for natural lead. These were taken from Thomson ’° and Cranberg

et al.t

After emitting the first neutron, the nucleus is cooled down and sub-
sequent neutrons are emitted with smaller temperatures. LeCouteur’?® has
shown that the energy distribution of the sum of two or more cascade neutrons

may be represented by

-12 E'/11 6
5/11 n 1
1] ~ 1
f(En - En) (En) e
This representation is not allowed by the ENDF/B format, but it is quite
close to a Maxwellian distribution. Therefore, the energy distribution of

secondary neutrons for (n,2n) and (n,3n) reactions were given as Maxwellian

distributions with the temperature 11 91/12.

5.6. Gamma-Ray Production

The gamma-ray-production cross sections and energy distributions of
secondary gamma rays for (n,n') reactions up to 4.4 MeV were calculated
using HELGA with the level properties and gamma-ray branching ratios given
previously. Above 4.4 MeV, they were calculated with NNNGAM. The code
NNNGAM provides gamma-ray multiplicities and energy distributions for
(n,n'), (n,2n), and (n,3n) reacitons. The calculated gamma-ray multiplicities
were multiplied by the evaluated 0(n,X) to obtain the gamma-ray production
cross sections. The code does not treat the neutron cascade in (n,3n) reac-
tions, but 0(n,3ny) can be calculated with an approximate method to be
described below. Gamma-ray cascades in 2°°Pb and 2°%Pb were treated as

continua using level densities given in Table 7.
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The excitation of the residual nucleus in APb(n,Bn) reaction was
approximated by A_le(n,Zn) reaction with En replaced by En - Eb(A) and
a(A-1) by a*(A-1), where Eb(A) is the separation energy of the last
neutron in nucleus A and the new level density parameter a* is defined
below.

The temperature of the first neutron in APb(n,Bn) reaction is given

by

En - A(A)
a(A)

1/2

17 ]

Assuming an evaporation spectrum, the mean energy of the first neutron is

261. The temperature of the second neutron in APb(n,Bn) reaction may then

be approximated by

En - A(A-1) - Eb(A) - 26
a(A-1)

1.1/2

0, ~ [ |

Comparing this with the temperature of the first neutron in A_le(n,Zn)
reaction with an incident neutron of energy En - Eb(A),

[Erl - Eb(A) - A(A—l)]l/2
a(A-1) ’

it is seen that the approximation of APb(n,3n) by A—le(n,Zn) with energy

En - Eb(A) results in a neutron spectrum which is harder than the real one
and a gamma-ray spectrum which is too soft by the same amount of energy.
One can easily compensate this drawback by changing the level density
parameter a(A-1l) to a*(A-1) with the relation,

En - Eb(A) - A(A-1) :
- Eb(A) - (A-1) - 261

a*(A-1) = a(a-1) [E
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Some of the calculated results are compared with available data in
Figs. 20 - 28. Figs. 20, 21, and 22 are for some of the discrete gamma

lines in 206Pb, 207Pb, and 2°8pp respectively, For 2°°pb experimental

74 5

data were taken from Bostrom et al., Lind and Day,'® Boring EE.EL-:7

Kiehn and Goodman,76 Day,77 and Morgan gg_gl.78 Only representative data

207

are shown for Lind and Day's measurements. For Pb data were obtained

208

from Day’’ and Morgan g£.§;.78 For Pb data were derived from the measure-

ment of Nellis?! which superseded earlier measurements of Texas Nuclear

. 74,78
Corporation.,’"

Figs. 23 - 27 display the energy distributions for En =
4.5, 5.5, 6.5, 7.5, and 8.5 MeV. Fig. 28 shows the total gamma-ray-
production cross sections o(n,xy). Corresponding data were taken from

Perkin,79 Howerton and Plechaty,80 Scherrer et gl.,el and Battat et al.®?

Most of the data shown in these figures are designated as 470(0) where 6 is
the laboratory angle for which the measurement was made. In making compari-
sons of these data with calculations, the question of the anisotropy of the
gamma-ray angular distribution always arises. Table 9 (Ref. 83) provides

the anisotropies, o(OO)/o(QOO), for some of the gamma rays from inelastic
scattering. This information makes the comparisons shown in Figs. 20 - 28
more meaningful. For instance, the calculated cross sections for the produc-
tion of 0.803 MeV gamma rays are in better agreement with the 4ﬂ0(940) of

® than that indicated in Fig. 20 because O(OO)/O(9OO) is 1.25,

Lind and Day1
and the data 4WO(940) should be moved approximately 127 higher to be comparable

with the calculation. For similar reasons, the comparison for EY = 0.538 MeV

is worse than that indicated in the figure. -

In Fig. 22 the experimental data were obtained by integrating the differ-

ential cross sections measured by Nellig?! except for EY = 0.76 MeV for which

the data are 4ﬂ0(900).
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Table 9. Anisotropy of Gamma Rays from Inelastic Scattering
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In Figs. 23 - 27 the gamme-ray yields are given as "number of gamma
rays per 100 keV bin Perkin's d0(900)/dEY (Ref. 79) were reduced to
the same unit using the evaluated o(n,X).

In Fig. 28 some of the measured production cross sections do not
cover the entire gamma-ray energy. Perkin’® measured the production cross
sections for EY > 1.5 MeV. From the calculation the contributions of gamma
rays for EY < 1.5 MeV to the total production cross sections are 67.6%, 62.5%,
58.4%, 42.17%, 51.1%, and 61.47% for En = 3.5, 4.5, 5.5, 6.5, 7.5, and 8.5 MeV
respectively. The same percentages were applied to Perkin's data to obtain
the data shown in the figure. The contributions of the gamma rays for EY <
1.5 MeV to the total production cross sections are largely due to the
strong lines of EY = 0.803 MeV in 2°®Pb and EY = 0.570 MeV in 2°7Pb and
E = 0.58 MeV in ?%%®Pb, The data obtained from the tabulation of Howerton

0 and the measurement of Scherrer gg_gl,sl do not include the

and Plechaty8
gamma rays of an energy smaller than 0.5 MeV. The errors caused by the
omission of these low-energy gamma rays are well within the quoted errors
and, therefore, these data need not be corrected. The large production cross
sections of Perkin's at En = 5.5 and 8.5 MeV are due mainly to the gamma rays
in the energy interval 1.5 < EY < 2.0, as seen from Figs. 24 and 27. These

gamma rays have abnormally large intensities and do not seem to be consistent

with the gamma-ray spectra at other incident neutron energies.

6. EVALUATTION
In Section 5 it was seen that most of the calculated data were strongly
favored by the experimental information. TIn these cases, calculations provide

complete and consistent sets of cross sections. In this section attention is
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given to the reactions and the energy ranges for which calculations are
not feasible and evaluation has to rely solely on experimental information

and, in certain special situations, on educated guesses.

6.1l. Total Cross Sections

Below 1 keV there has been no new measurement for the total cross
sections since the publication of BNL-325 (Ref. 84). The total cross
sections from 0.00025 eV to 1 keV were taken from BNL-325 (Ref. 84) with
the 296°K data. From lO_5 eV to 0.00025 eV the total cross sections were
extended from the above data by assuming that they are proportional to the
capture cross sections.

From 0.47 MeV to 20 MeV the total cross sections were taken from the
data of R. B. Schwartz.®® 1In this energy region measurements of total
cross sections are numerous and are available from RNL-325 (References 84
and 9) and the CSISRS data library.52 Schwartz's data were adopted because
1) the agreement with most of the other data sets is very good, 2) the .
energy resolutions are small and many new resonances are reasonably well-
defined and, 3) the data cover the entire energy region from 0.47 MeV to
20 MeV while other data sets cover only a section of this region.

In the energy range 1 keV to 470 keV, the situation is much less
clear-cut than the above two ranges and some difficulties are present.

86788 Jre listed in Table 10. Good's data®® cover the

The available data
entire energy range and display more detailed resonance structures than

the other data sets. 1In terms of resonance structures, Good's data agree

reasonably well with those of Newson et QL.BG and Bilpuch.EEIQL.87 However,

in terms of absolute magnitude, his data are substantially higher than all v
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. Table 10. Total Cross Sections Considered for
the Evaluation in the Range 1 keV to L70 keVv

Energy Range (keV) Data Points Year Reference
|
18 - 960 110 1949 Wisconsin(52)

12 - 80 99 1953 Duke(52)

0.2 - 20.5 76 1958 BNL(52)

300 - 750 330 1961 Duke(52)
15 - 50 104 1961 Newson(86)
50 - 360 900 1961 Bilpuch(87)

1 - 1000 10900 1971 Good(88)
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the others in certain sections of energy. For instance, near 470 keV
Good's data are approximately 1 barn higher than those of Wisconsin, °? Duke
(1961), %2 and Schwartz.®% Therefore, we adopted Good's data for the resonance
structures but adjusted their magnitude to obtain reasonable agreement with
most of the available data. From 1 keV to 10 keV, the magnitude was based
on BNL-325 (Ref. 84). From 10 keV to 20 keV, the magnitude was based on
the average of the data of Newson, Wisconsin, and BNL®2? which agree better
among one another than with Good's data. From 20 keV to 50 keV, the magni-
tude was based on that of Newson. From 50 keV to 65 keV, the magnitude was
more or less the average of Bilpuch's and the Wisconsin data. From 65 keV
to 200 keV, Good's data agree reasonably well with those of Bilpuch and
Wisconsin. From 200 to 300 keV, Good's data agree well with Bilpuch's,

but the Wisconsin data are somewhat too low. Therefore, Good's data were
unchanged from 65 to 300 keV. From 300 to 470 keV, the magnitude was

based on the data of Duke, Bilpuch, and Wisconsin.

The final total cross sections were prepared by taking the intersections
of straight lines drawn through the data points on a log-log scale for the
range lO_5 eV to 1.69 keV and on a linear-linear scale for the range 1.69
keV to 20 MeV. The evaluated total cross sections are displayed in Figs.

29 to 35.

6.2. Elastic-Scattering Cross Sections
The evaluated elastic-scattering cross sections were obtained by sub-
tracting the nonelastic-scattering cross sections from the total cross

sections. The result is compared with available data in Fig. 36. The

data of Fowler et QL.,Bg Becker et al.,90 Pasechnik gg_gl,,gl Brugger

. 3 . 38 .
gg_gi.,gz Buccino EE.él-a“ and Zafiratos et al. were obtained by
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Fig. 29. Smoothed total cross sections from 0.00001 eV to 1 eV.
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Fig. 30. Smoothed total cross sections from 1 eV to 100 keV.
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Fig. 33. Smoothed total cross sections from 800 keV to 2.3 MeV.
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integrating their reported differential cross sections. Other data were
obtained from BNL-400 (Ref. 42) and CSISRS data library.52 The data of

A. B. Smith were also taken from CSISRS but were singled out for easier
recognition. The available data were measured with energy resolutions
varying from 30 keV to 220 keV which are far greater than the widths of
most resonances. Therefore, for the purpose of comparison, the curve
shown in Fig. 36 is for elastic-scattering cross sections averaged over

50 keV intervals from 0.2 MeV to 1.5 MeV and over 100 keV intervals from
1.5 MeV to 3.5 MeV. Above 3.5 MeV, the curve shown in Fig. 36 corresponds
exactly to the evaluated elastic-scattering cross sections., It is evident
from Fig. 36 that the available data, while not sufficient to define the
detailed structure of elastic-scattering cross sections, are consistent
with the difference of the total cross sections and the nonelastic-

scattering cross sections.

6.3. Nonelastic-Scattering Cross Sections
Nonelastic-scattering cross sections were taken to be the sum of
o(n,X) and o(n,Y). 0(n,X) was taken from the calculation which has been

shown to be in good agreement with available data (see Fig. 18).

6.4. TInelastic-Scattering Cross Sections
Inelastic-scattering cross sections were taken from the calculation
which has been shown to be in good agreement with experiment (see Fig. 18).

Inelastic excitations of levels below 4.4 MeV were treated as discrete
levels. Levels above 4.4 MeV were considered as a continuum. Comparisons
of calculations with available data for the low-lying levels have been
made and the agreement is generally good (see Figs. 12, 13, and 15).

This justifies the adoption of calculated excitation cross sections.
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for higher-lying levels. Below 4.4 MeV there are 48 excited states in
206Pb, 49 in *°7pb and 22 in 2°®Pb which have been merged into 35 levels
for natural lead. The structure of the level groups is given in Table 11,
Direct-interaction contributions have been included in eleven of these

level groups.

6.5. 0(n,2n) and 0(n,3n)
These cross sections were calculated (see Fig. 5). Experimental data
for 0(n,2n) are available near 14 MeV and have been compared with the cal-
culation in Section 5.4. The calculated cross sections were adopted for

lack of alternatives.

6.6. Capture Cross Sections

Capture cross sections of neutrons of 0.0253 eV have been given in
Table 1 for the lead isotopes. The weighted sum of these cross sections
gives 176 mb for natural lead. The capture cross sections in the low eV
region are assumed to be %—up to a certain energy to be determined. 207py
accounts for 917 of the thermal captures in natural lead.

In the keV and MeV region, the available data have been included in
BNL-325 (Ref. 9) except that of Leipunsky93 who reported 1 mb at 3 MeV.
The data points are too few to define any resonances which are known to
be numerous in this energy region. Therefore, smoothed capture cross
sections have to be sought. By comparing the natural~lead data with the

206

capture cross sections of Pb measured by Macklin gg_gi.gq and those of

297ph measured by Allen and Macklin,95 it is seen that some of the natural-

lead data hit the resonance peaks. It is thus rather difficult to obtain

smoothed cross sections from the sparse natural-lead data alone. From
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Table 11. Level Groups for Inelastic Scattering

Level 2OBPb 2OYPb 206Pb

0.570
0.803%
0.898

(=

175
.3h1
JLé2

(=

1.633

OO\ FEw N
}_J

.682%
.700
.762
.998
.160
.200
.210
.250

11

-
(@)
[NCINACREACTN AT o e e i e

12 2.340
13

N

.385
.500
.526

n N

1L 2.615%
15 2.62L%
.662%

N

16
17

L63L*
.783
.800
.820
.9L0o
.017
.050
.125
.200

18

2
2
2
2
2
3
3
3
3
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Level 208Pb 207Pb 206Pb
23 3.471 3.5453
3.L99 3.500
3.503
3.522
2 3.475
25 3.580 3.560
3.620 3.600
3.632
3.6L45
26 3.708% 3.725 3.708
3.721
o7 3.817 3.776%
28 3.854 3.900
3.891 3.961
29 3.920
3.946
3.961
. 3.998
4,038
L .050
30 3.989 L. 005
L. oko 4,075
4. 060 4,125
4,113
4,120
31 L, o76% L. 08g% L, 108%
Lh,1o7%
32 L,125 4.140 4,101
4,161 4,160
L.181
33 L, 204 .200 4.253
4,231 k., 220 L.259
h.2h3 4,240
L,258 L, 260
3L k. 316 Ly, 288% L, 368%
L, 303% 4,300
L.310
L, 31L
* 35 L, 357 L, 339% L, 382
L.382 L, 380% L, 386%
L. Lo L.388

*

Levels for which direct interactions have been included.
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research in nucleosynthesis, Maxwellian averaged cross sections for kT = 30

34798 Thege are tabulated in Table 12 for natural lead

keV are available.
and the four natural isotopes. Removing the %-component from the average,
the smoothed cross section for natural lead is approximately 5.0 + 1.2 mb
in the neighborhood of 30 keV. The onset of statistical region for neutron
capture in natural lead is probably somewhere around 1 MeV. The data of
Diven et al.®’ near 1 MeV vary from 3.3 mb to 3.6 mb. We thus took 3.5 mb
as the smoothed cross section at 1 MeV and 5.0 mb at 30 keV. These two
points were connected by a straight line on a log-log scale. This line
intersects the %-line at approximately 10 eV. From 1 MeV on, the capture

cross sections were defined by a straight line going through 1 mb at 3 MeV

on a log-log scale.

6.7. Angular Distribution of Secondary Neutrons

The angular distributions of secondary neutrons from elastic-scattering
and inelastic-scattering exciting discrete levels were represented by
Legendre coefficients (normalized in the ENDF/B sense) in the center of
mass system. The angular distributions of secondary neutrons for (n,n'
continuum), (n,2n), and (n,3n) reactions were assumed isotropic.

Above 5 MeV, the angular distributions of elastically scattered neutrons
were taken from the calculation (see Section 5.1). Below 5 MeV, the experi-
mental data were best-fitted by Legendre polynomials. The data considered
3

were taken from Smith,3? Fowler et al.,®® Becker gg.gl.,go Buccino_gg_gl.,h

Pasechnik et al.,®! Brugger et al.,®? Bostrom et al.,”* Whitehead and

98 46

Snowdon, Gorlov et gl,,“a and Walt and Beyster. The resulting Legendre
coefficients were compared with those from calculation in Fig. 37. It is

seen from Fig. 37 that the calculated coefficients are slightly higher than
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Table 12. Maxwellian-Averaged Capture Cross Sections
. for kT = 30 keV
c
Isotope (kT) Percentage Reference
(mb)
Natural L.6+1.5 -— 96
5.183 100 *
20k 43.045.0 10.3 ok
206 9.6+3.0 k3.7 96
207 9.8+2.0 he.7 95
208 0.33+0.07 3.3 9k

*

Obtained from combining the isotopes.
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the experimental data for all coefficients. Therefore, the evaluated Legendre
coefficients were determined by linearly fitting the experimental coefficients.
It should be noted that most of the measured data do not cover the angles

from 150° to 180°. In these cases, extra data points were added, with guid-
ance from calculation, to the measured data for the purpose of obtaining
reasonable fittings to the back angles. The extra data were assigned some-
what larger errors than those of the experimental data in order to maintain
the essence of the measurements.

The angular distribution of secondary neutrons from inelastic scattering
exciting discrete levels were calculated and were given for each level group
listed in Table 11. Comparisons of the calculation with avaiable data have
been made in Figs. 8, 14, 16, and 17. Agreement between calculation and

experiment is quite good.

6.8. Energy Distribution of Secondary Neutrons
The energy distributions of secondary neutrons from (n,n' continuum),
(n,2n), and (n,3n) reactions were obtained from theoretical considerations

explained in Section 5.5,

6.9. Gamma-Ray-Production Cross Sections
The gamma-ray-production cross sections for the sums of (n,n'), (n,2n),
and (n,3n) reactions were taken from the calculation (see Section 5.6).
Comparisons of the calculation with the available data have been made in
Figs. 20, 21, 22, and 28, and agreement is generally good.
The gamma-ray-production cross sections for neutron capture were taken
to be proportional to the capture cross sections with a multiplicity of

-5 1
unity from 10 eV to 10 eV (the range of ;'capture), and a multiplicity
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of 1.407 from 1 keV to 573 keV. From 10 eV to 1 keV, the multiplicity was
linearly interpolated. Above 573 keV the capture cross sections are so
small that the gamma-ray-production from capture is negligible compared to

that from (n,n'), (n,2n), and (n,3n) reactions.

6.10 Angular Distribution of Secondary Gamma Rays
Angular distribution of secondary gamma rays is available to some
extent as listed in Table 9 and can be calculated with the method of Sheldon

? and modifications thereof.®® However, there has yet been

and Van Patter®
no transport code that can handle anisotropic gamma rays. Therefore, the
angular distributions of secondary gamma rays were assumed isotropic in the
cross section file. For certain simple problems, corrections for the aniso-

tropy of gamma rays can be made, using the information given in Table 9, after

the transport calculation is completed.

6.11. Energy Distribution of Secondary Gamma Rays
The energy distribution of gamma rays from capture of neutrons from lO_5
eV to 10 eV is assumed to be that of thermal capture measured by Rasmusen

et al.'’’

which contains only two gamma rays: 94.91% of EY = 7.3677 MeV
and 5.09% of EY = 6.7364 MeV. From 1 keV to 573 keV, a single gamma-ray
spectrum was assumed valid for all resonance captures. In between these
two regions, the gamma-ray spectrum was linearly interpolated. The spectrum
from resonance captures was determined in the following way.

In their measurement of capture cross sections of 2°’Pb from 3 keV to
640 keV, Allen and Macklin®® also reported the fraction of ground state

transition to total transitions for each of 36 resonances. Weighting these

fractions by the resonance areas for resonances below 573 keV, we obtained
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that 83% of the total gamma rays resulted from ground-state transitions.

From the spins of the capture states (1 and 2), it is conceivable that the

rest of the gamma rays arise dominantly from decays to the 3 (2.615 MeV) state.

This we assumed. Then it is possible to construct an average gamma-ray
spectrum for resonance captures in 207Pb, which is shown in Table 13. An
average energy of 30 keV was assumed for the captured neutrons.

For captures in 206Pb, Biggerstaff gE_gL.lOI have measured the gamma-ray
spectra for seven resonances from 10 keV to 72 keV. These spectra were

averaged with equal weight for each resonance because areas under the res-

onances were not available. The result is also given in Table 13. The observed

gamma rays indicate a mean of 27 keV for the captured neutrons.
Resonance captures in 204ph were assumed to produce the same gamma rays
as thermal captures measured by Jurney EL_QL.IOO for lack of experimental

204

information. Fortunately, Pb contributes only 107 of resonance captures.

£ 298pp are very small and thermal capture in 208py

Capture cross sections o
does not produce gamma rays; we therefore ignored resonance capture in
208py,

The average gamma-ray spectrum for resonance captures in natural lead
was obtained by weighting the spectra of the isotopes by the Maxwellian-
averaged capture cross sections given in Table 12. The resulting spectrum
as shown in Fig. 38, was assumed valid for capture of all neutrons in the
range 1 keV to 573 keV. The spectrum is seen to be drastically different
from that of thermal capture. This approach is by no means accurate but
it is believed to be far better than the usual assumption that nonthermal
captures generate the same gamma rays as thermal captures.

The energy distributions of gamma rays from the sum of (n,n'), (n,2n),

and (n,3n) were taken from the calculation. Comparisons of the calculations
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Table 13. Average Gamma-Ray Spectra For Resonance
Captures in 2°7Pb and 2°%pp

Isotope and Gamma. Rays

Multiplicity EY(MEV) per 100 Capture
207py, 7.506 83.0
L, 791 17.0
1.170 2.615 17.0
206, 6.76 3.6
6.19 17.6
1.67L 5.86 20.9
.15 12.1
3.55 16.8
3.21 16.8
2.61 12.1
0.90 20.9
0.57 17.6
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with experiment have been discussed in Section 5.6 and shown in Figs. 20 -

27.

6.12. Photon Interaction Cross Sections

Photon interaction cross sections were taken from an evaluation by

2

McMaster gg‘gi.lo in the energy range 1 keV to 1 MeV and from a compila-

tion by Plechaty and Terral'®?

for the range 1 MeV to 100 MeV. The inter-
actions considered were total, coherent scattering, incoherent scattering,

pair production plus triplet production, and photo-elastic. Only the

integrated cross sections were incorporated into the evaluation.

7. CONCLUSION AND DISCUSSIONS

In Section 2 we briefly described the extent of the present evaluation
for the purpose of helping those who are familiar with and have used the
previously available cross section sets. The nuclear properties of the
lead isotopes needed for model calculations were established in Section 3.
In Section 4 we outlined the computer codes used and the procedures adopted
for the calculations. Details of the calculations and comparisons of the
calculated cross sections with experiments were presented in Section 5.
The way the final data sets were chosen was given in Section 6.

It has been obvious that the status of experimental data in lead is
such that heavy reliance had to be placed with calculations. The calculated
cross sections, when adopted, have been shown to be strongly favored by
available data. Most of the calculations have been known from experience
to be trustworthy for interpolation and extrapolation into energies and
angles not covered by measured data. However, the following areas of cal-
culation are believed the weakest and assumptions embodied in the calcula-

tions need to be tested:
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1. The gamma-ray-production cross sections and the energy distributions
of secondary gamma rays for the sum of (n,n'), (n,2n), and (n,3n) reactions
for incident neutrons above 8 MeV,

2. The energy distributions of secondary neutrons for (n,n' continuum),
(n,2n), and (n,3n) reactions.

3. The (n,3n) cross sections right above the threshold.

In cases the evaluation had to be dependent upon experimental data alone
and the data are sparse or large discrepancies exist among various measure-
ments; the evaluation was, of course, weakened. The most severe cases are:

1. Capture cross sections in the nonthermal range.

2. Gamma-ray spectra from resonance captures.

3. Total cross sections in several portions of the range 1 keV to
470 keV.

Some of these weaknesses of the evaluation may be removed by measure-
ments currently being performed at Oak Ridge National Laboratory:

1. TInelastic scattering exciting levels and the resulting gamma rays
for 206pb, 207pb, and 2°8Pb for incident neutrons from 5.5 MeV to 8.5 MeV
by J. K. Dickens and F. G. Perey,

2. Capture cross sections of 2°%Pb and 2°“Pb from 3 keV to 900 keV
by B. J. Allen and R. L. Macklin.

3. Remeasurement of total cross sections from 1 keV to 1 MeV by
W. M. Good.

4. Gamma rays from resonance captures by G. G. Slaughter.

These new data when available will strengthen the evaluation substantially.

We would appreciate being informed of any discrepancies among experiments
and calculations using this evaluation, since we plan to revise the evalua~

tion as new information becomes available.
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